FSH acts via testicular Sertoli cells (Sc) bearing FSH receptor (FSH-R) for regulating male fertility. Despite an adult-like FSH milieu in infant boys and monkeys, spermatogenesis is not initiated until the onset of puberty. We used infant and pubertal monkey Sc to reveal the molecular basis underlying developmental differences of FSH-R signaling in them. Unlike pubertal Sc, increasing doses of FSH failed to augment cAMP production by infant Sc. The expression of G␣s subunit and Ric8b, which collectively activate adenylyl cyclase (AC) for augmenting cAMP production and gene transcription, were significantly low in infant Sc. However, forskolin, which acts directly on AC bypassing FSH-R, augmented cAMP production and gene transcription uniformly in both infant and pubertal Sc. FSH-induced G␣s mRNA expression was higher in pubertal Sc. However, G␣i-2 expression was down-regulated by FSH in pubertal Sc, unlike infant Sc. FSH failed, but forskolin or 8-Bromoadenosine 3',5'-cyclic monophosphate treatment to infant Sc significantly augmented the expression of transferrin, androgen binding protein, inhibin-␤-B, stem cell factor, and glial-derived neurotropic factor, which are usually up-regulated by FSH in pubertal Sc during spermatogenic onset. This suggested that lack of FSH mediated down-regulation of G␣i-2 expression and limited expression of G␣s subunit as well as Ric8b may underlie limited FSH responsiveness of Sc during infancy. This study also divulged that intracellular signaling events downstream of FSH-R are in place and can be activated exogenously in infant Sc. Additionally, this information may help in the proper diagnosis and treatment of infertile individuals having abnormal G protein-coupled FSH-R. (Endocrinology 156: 1143-1155, 2015) 
T esticular Sertoli cells (Sc) are the target of FSH and T and thus regulate spermatogenesis (1) . In humans and nonhuman primates, although the circulating levels of FSH and T during infancy (3-4 mo of age) and puberty are similar, the ability of Sc to respond to such endocrine cues for initiating robust onset of spermatogenesis is restricted only to the pubertal testes (2, 3) . Sc maturation occurs at some point during juvenile phase, making them capable of governing spermatogenesis when exposed to elevated levels of hormones at puberty. Persistence of infant-like immature Sc during adulthood is known to be associated with some forms of idiopathic male infertility (4 -6) . In such cases, external hormonal supplementation fail to support spermatogenesis, possibly because their Sc lack the ability to respond to hormonal stimuli, like that during infancy (7) . Recently we have reported that, unlike pubertal Sc, hormonal responsiveness of infant Sc is limited to the proliferation of Sc and undifferentiated spermatogonia (8) . Limited expression of androgen receptor (AR), and poor binding of T to AR, has been demonstrated to be responsible for the compromised AR signaling during infancy in boys and monkeys (8 -12) . FSH binding activates various signaling cascades before initiating transcription. However, the status of FSH-mediated intracellular signaling in infant primate Sc is not well understood (13) .
Although hormonal and germ cell (Gc) defects are studied widely (14) , it is necessary to explore deficiencies in the following: 1) LH-mediated signaling in Leydig cells, 2) T-mediated signaling in Sc as well as peritubular cells; and 3) FSH-mediated signaling in Sc to comprehensively determine the cellular basis of infertility caused by the defects in testicular somatic cells. The present study addressed the causes underlying restricted FSH-mediated signaling in infant Sc.
FSH receptor (FSH-R) knockout mouse models show decreased testis size and partial spermatogenic failure (15) (16) (17) (18) (19) . However, the requirement of FSH for spermatogenesis in primates remains unclear (20) . Men with an inactivating mutation in the FSH-R, leading to decreased FSH binding and consequent signaling, present variable degrees of spermatogenic abnormalities but not absolute male infertility (21) . On the other hand, infertility is reported in men lacking normal FSH in the circulation (22) (23) (24) (25) (26) (27) (28) . Human chorionic gonadotropin-mediated ablation of FSH in adult men led to decreased sperm counts, with one individual developing azoospermia, which was reversed upon FSH supplementation (29) . A hypophysectomized man having complete gonadotropin deficiency but a mutated FSH-R with constitutive FSH independent cAMP production by Sc was found to be fertile (30) . This suggested that the FSH-mediated rise in cAMP production by normal Sc is crucial for human spermatogenesis. FSH has also been reported to regulate the number of pachytene spermatocytes in adult humans (31) . Therefore, FSH may have an important role in human spermatogenesis (3) . In nonhuman primates, FSH induces the proliferation of Sc during infancy which determines the spermatogenic output, later in the male reproductive life (32, 33) . FSH is known to provide signals for regulating Sc proliferation and survival as well as the differentiation of developing Gc during puberty (34, 35) .
FSH-R is a G protein-coupled receptor (GPCR) that triggers a number of intracellular signaling pathways upon binding to FSH. In the canonical pathway, the intracellular G␣s subunit of trimeric G protein stimulates membrane bound adenylyl cyclase (AC) to catalyze the production of cAMP, which further activates the protein kinase A (PKA)-dependent cascade (36) . However, FSH-R also couples to other G protein subtypes (eg, G␣i and G␣q/11) and activates parallel signaling pathways such as protein kinase C (PKC), phosphatidylinositol 3-kinase, Akt/protein kinase B, and ERK1/ERK2, depending on the developmental stage of Sc (37) (38) (39) (40) (41) . In primary culture of Sc, PKC activation suppresses FSH-induced cAMP production, independent of G␣s, G␣i, AC, or phosphodiesterase activity (42, 43) . Via such several intermediate steps and signaling molecules, FSH induces transcription of several genes like transferrin, androgen binding protein (ABP), inhibin-␤-B, stem cell factor (SCF), glial derived neurotropic factor (GDNF) etc, which have important roles in the onset of male Gc differentiation (41) . Therefore, a deficiency at any of these steps in the FSH signaling cascade within Sc may interfere with the spermatogenic output and hence merits investigation.
In the present study, we have compared the FSH-R signaling in infant vs pubertal monkey Sc, cultured and exposed to equal FSH stimuli mimicking the in vivo situation in these two age groups (2) . We induced puberty in juvenile rhesus monkeys by an intermittent infusion of GnRH, which is known to activate endogenous gonadotrophin secretion and spermatogenesis prematurely (8, 44) . Such a model of induced puberty allows the harvesting of Sc from different monkeys, precisely at a similar time after the onset of spermatogenesis, reducing individual variations. It also helps in isolating Sc from the testis at a stage prior to the massive accumulation of advanced Gc, which interferes with Sc isolation. Cultured Sc from infant (3 mo old) and pubertal monkey testes were used to compare FSH-R signal transduction and the expression of FSHmediated genes necessary for the initiation of spermatogenesis. Knowledge about the developmental deficiencies in the FSH signaling pathway downstream of FSH-R in infant Sc would help in the identification of steps that may be crucial for the FSH-mediated onset of spermatogenesis. This knowledge may potentially help in improving the diagnosis and treatment of certain forms of idiopathic male infertility in which Sc are nonresponsive to hormonal supplementation.
Materials and Methods

Animals
Four juvenile (18 -22 mo old) and eight infant (2-3 mo old) male rhesus monkeys (Macaca mulatta) were used. Monkeys were obtained from the Primate Research Centre of the National Institute of Immunology where they were housed according to the guidelines of the Committee for the Purpose of Control and Supervision of Experiments on Animals, under a 12-hour light, 12-hour dark cycle with food and water provided ad libitum. The juvenile monkeys were surgically implanted with indwelling venous catheters and maintained in remote infusion withdrawal cages, as previously described by us (8, 44) . Bilateral castration was performed as described previously (8, 44 
Reagents
Recombinant monkey (rm) FSH (AFP6940), GnRH, and an anti-cAMP antibody (lot CV-27) were obtained from the National Hormone and Peptide Program, National Institutes of Health (Torrance, California). A polyclonal antibody to T (T3-125) was purchased from Endocrine Sciences Laboratories and used for a RIA of this steroid. All other reagents were obtained from Sigma Chemical Co unless stated otherwise.
Induction of precocious puberty
Puberty was triggered precociously in the juvenile monkeys by eliciting premature endogenous gonadotropin secretion with an intermittent iv infusion of GnRH (0.15 g/min for 2 min every 3 h) administered for 4 -5 weeks as described previously (8, 44) . Plasma T levels were tracked in weekly samples. Animals were castrated after the peak T reached a range comparable with that observed in pubertal rhesus monkeys. Sc from these testes were subsequently referred to as pubertal Sc. This model of puberty was used because it is difficult to pinpoint the exact onset of puberty in monkeys. This enabled the harvesting of testes from different monkeys at a synchronized stage of pubertal development and at a time before the appearance of a large number of advanced Gc, which are known to interfere with the isolation of Sc (8, 44) .
Isolation and culture of Sc
Sc from infant and pubertal monkeys were isolated by sequential enzymatic digestion as described by us previously (8, 44) . The cells were then suspended in DMEM/nutrient mixture F-12 Ham containing 1% fetal calf serum. Equal numbers of cell clusters (0.5 ϫ 10 4 clusters/well) were seeded in each well of a 24-well culture plate (d 1), and cultures were kept at 34°C in a 5% CO 2 incubator. On day 2, cells were washed and maintained in media containing serum replacement factors (sodium selenite, 5 g/mL; insulin, 10 g/mL; transferrin, 5 g/mL; and epidermal growth factor, 2.5 ng/mL). Media were replaced every 24 hours. The testes of each infant generated cells to seed one 24-well plate, in contrast to five to six such plates seeded from the testes of a pubertal monkey. We have previously reported that cultured monkey Sc are highly pure and maintain hormone responsiveness for 5-6 days with serum replacement factors (8, 44, 45) .
Cytochemical evaluation of cultured cells
Cell viability was determined by trypan blue exclusion on day 5 of culture. Presence of Leydig cell in culture was checked by cytochemical staining for 3␤-hydroxysteroid dehydrogenase activity (46) . Leydig cells were isolated from the testis of pubertal monkeys and used as a positive control to detect 3␤-hydroxysteroid dehydrogenase activity. Peritubular cells and Sc were identified by staining for alkaline phosphatase activity and Oil Red O, respectively (47).
In vitro treatments
On day 4 of culture, residual Gc were removed by hypotonic shock (8, 44, 48) . Twenty-four hours after hypotonic shock, one set of cultured Sc was treated with Tri-reagent (Sigma-Aldrich) and stored at Ϫ80°C for extraction of RNA to determine the basal levels of gene expression (basal, 0 h). Cells in the remaining wells were exposed for the next 24 hours to T (100 nM) and rmFSH (5 ng/mL), either alone, or in combination, or to forskolin (10 M) or to 8-Bromoadenosine 3',5'-cyclic monophosphate (8Br-cAMP; 0.5 mM) or to cholera toxin (5 g/mL) or to media alone (as vehicle or basal control), all in the presence of isobutyl methyl xanthine (IBMX; 0.1 mM) as described previously (8) . The dose of rmFSH, used here, was found to be bioactive in cultures of monkey Sc as described by us previously (44) . At the end of culture, Sc were washed with calcium-free buffer and then dissociated from the surface of a plate using trypsin-EDTA. After washing, cells were lysed by exposing to Tri-reagent and stored at Ϫ80°C before the extraction of RNA. Extracted RNA was treated with deoxyribonuclease I (Ambion Inc) and converted to cDNA as described by us previously (8) .
For cAMP estimation, cultured Sc were treated for a half-hour or 24 hours with either a different dose of rmFSH (2.5 ng/mL, 5 ng/mL, 10 ng/mL) or cholera toxin (Ctx; 5 g/mL) or forskolin (10 M/mL) or media alone with or without pertussis toxin (Ptx; 100ng/mL). All treatments were done in presence of IBMX (0.1 mM). At the end of the culture, the media were collected and boiled prior to storage at Ϫ80°C. For clarity, an experimental flow chart is presented in Supplemental Figure 1 .
Ligand-binding ability of FSH-R
FSH binding to Sc was assayed as described by us previously (8) . On day 5 of culture, Sc were dislodged and washed with PBS. One million Sc from each age group were suspended in PBS containing 100 000 cpm of 125 I-rm-FSH in the presence or absence of 1000-fold excess of cold rm-FSH for 2 hours at 34°C. Sc were then washed and specifically bound (total-nonspecific bound)
125 I-rm-FSH (in counts per million) per million Sc was determined.
cAMP and T assay
A RIA was used to measure the T levels in the plasma of monkeys and the cAMP concentrations in the culture medium as described by us previously (8, 44) .
Quantitative real-time PCR analyses
Quantitative real-time PCR amplifications were performed in a 96-well plate in a RealplexS PCR machine (Eppendorf) using Power SYBR Green master mix (Applied Biosystems). Melt curve analysis was performed after each run to ensure that a specific amplicon was generated. Endogenous Rpl32 protein was used as the internal control. Basal or FSH-mediated expression of target genes were determined by the efficiency-corrected ␦cycle threshold (Ct) method [quantity ϭ (efficiency ϩ 1) ϪCt ] as previously described (8 
Presentation of data and data analysis
Mean values of the relative mRNA levels were derived from at least three independent Sc cultures (from at least three different monkeys, n ϭ 3) for each age group. For the determination of cAMP production and gene expression, each treatment for a given monkey was examined from at least three independent wells. The mean of triplicates for a given treatment (for each monkey) was used to compare differences from other treatments in that particular monkey. All values were plotted as mean with error bar for SEM (mean Ϯ SEM). Statistical significance was calculated by a multiple-measures ANOVA followed by either Tukey's multiple comparison test or Dunnett's posttest. The P value for the significant difference in histograms is mentioned in the legends to the graphs. GraphPad prism version 5.0 statistical program (254 GraphPad Software, Inc) was used for gene expression analyses and for the evaluation of cAMP production as reported by us earlier to determine the significance of differences between means (8).
Results and Discussion
Preparation of pubertal monkeys and culture of pubertal and infant Sc
Puberty was uniformly induced in all the juvenile monkeys by a similar method as described by us previously (8, 44) . Plasma levels of T in GnRH-treated juvenile monkeys increased remarkably after 4 -5 weeks of pulsatile GnRH stimulation, reaching peak concentrations (7.8 Ϯ 0.93 ng/ mL) found during natural puberty. At the end of GnRH treatment, testicular weight increased approximately 4-fold as compared with age-matched control animals. The testis from such monkeys displayed an enlargement of the seminiferous tubules and initiation of Gc differentiation, similar to that shown by us previously (44) . Sc from such monkeys were considered as pubertal Sc. Infant and pubertal Sc in culture formed confluent monolayers with approximately 95% purity as indicated by Oil Red O staining (44, 45) . Viability of cells on day 5 of culture was 98%. Although peritubular cell-specific alkaline phosphatase activity was present occasionally, contamination of peritubular cells was less than 2% (44) . Leydig cells were absent. Transferrin and ABP are reported to be the classical markers of Sc maturation. FSH is known to augment expression of Transferrin and ABP via cAMP in cultured prepubertal 19-day-old rat Sc (41, 50) . Androgens are also known to up-regulate the expression of these transcripts in cultured mature rat Sc (51, 52) . To investigate the maturational status of infant and pubertal monkey Sc, basal and hormone-responsive expression of transferrin and ABP mRNA were evaluated. Basal level of Transferrin and ABP mRNA were found to be significantly (P Ͻ .05) higher in pubertal Sc as compared with that in infant Sc (Supplemental Figure 2, A and B) . FSH-mediated expression of Transferrin and ABP mRNA were also significantly (P Ͻ .05) higher in pubertal Sc as compared with infant Sc (Supplemental Figure 2, C and D) . T-mediated expression of these genes was also significantly (P Ͻ .05) higher in pubertal Sc as compared with infant Sc (Supplemental Figure 2, E and F) . Lack of androgen responsiveness of infant Sc is consistent with our previous finding and is mainly due to poor translation and/or poor binding of androgen to AR in infant Sc as compared with that of pubertal Sc (8) . These observations of Sc response to FSH and T indicated the appropriateness of cultured infant and pubertal Sc used for this study.
FSH binding and cAMP generation
Unpermeabilized infant and pubertal Sc were incubated with increasing doses of I 125 -labeled rmFSH, ranging from 10 5 cpm to 10 6 cpm in the presence of 10 3 -fold more cold rmFSH to evaluate FSH binding ability. Binding of FSH to FSH-R on the surface of infant and pubertal Sc were found to be similar with a specific dose-dependent rise in I
125
-rm-FSH binding to Sc followed by a receptor saturation at 2 hours at both ages ( Figure 1A ). These data corroborate our previously reported finding that the FSH-R mRNA expression [0.006467 Ϯ 0.0021 in infant vs 0.007923 Ϯ 0.002493 in pubertal Sc (mean Ϯ SEM of arbitrary units)] as well as the FSH binding ability of infant and pubertal Sc is similar (8) . Although FSH binding was similar, increasing doses of rmFSH failed to produce a dose-responsive rise in cAMP production by infant Sc (Figure 1B) . cAMP production was markedly poor in infant Sc as compared with that by pubertal Sc when treated with 2.5 ng/mL of FSH (1.89 Ϯ 0.344 pmol/mL/million Sc vs 10.32 Ϯ 0.6582 pmol/mL/million Sc, respectively, Figure  1B ). FSH-R expressed by fetal and infant nonhuman primates and human testis is known to respond poorly to FSH stimulation with limited cAMP response, which lent credibility to our observation (10, 53). Because we have added the phosphodiesterase inhibitor (IBMX) in our cultures, the possibility of cAMP degradation by endogenous phosphodiesterases upon FSH stimulation, as shown in rats, can be excluded here (54) .
Activity of G␣s and AC
We investigated the status of the FSH-R signaling cascade to determine why infant Sc fail to augment cAMP upon FSH binding. GPCRs, like FSH-R, are linked to the heterotrimeric G proteins, which are membrane bound GTPases (55, 56) . Each G protein contains ␣-[either stimulatory (s) or inhibitory (i)], ␤-and ␥-subunit, of which the ␣-subunit is bound to GDP in the off state. Ligand-receptor binding results in switching the G protein to an on state (bound to GTP) permitting G␣-mediated activation or G␣i-mediated deactivation of AC. Activated AC catalyzes the generation of cAMP from ATP and regulates several signaling cascades (57) . Ctx locks G␣s in the GTP bound active state, causing the prolonged activation of AC, leading to increased cAMP generation (58, 59) . We observed that although Ctx augmented cAMP generation by infant Sc, it was approximately 2-fold lower than the Ctx-mediated rise in cAMP by pubertal Sc (7.79 Ϯ 0.79 pmol/ mL/million Sc vs 16.12 Ϯ 1.68 pmol/mL/million Sc, respectively, Figure 2A ). In contrast, the direct activation of AC by forskolin caused a significant (P Ͻ .05) and equal rise in cAMP production by both infant and pubertal Sc (Figure 2A) . Furthermore, forskolin-induced augmentation of cAMP generation was more pronounced than that due to Ctx treatment. These data indicated that, unlike G␣s, AC activity was potentially similar in infant and pubertal Sc. Although forskolin induced augmentation of ABP, Transferrin, SCF, and GDNF mRNA were comparable in both the age groups, their expression by Ctx, known to act on G␣s, was significantly (P Ͻ .05) lower in infant Sc as compared with that in pubertal Sc (Figure 2 , B-E). This suggested that the expression and/or activity of G␣s is low in infant Sc as compared with pubertal Sc.
Expression of G␣s and Ric8b in Sc
Because cAMP generation in response to Ctx was poor in infant Sc, we evaluated the expression levels of G␣s mRNA in infant and pubertal Sc. Basal as well as FSHinduced expression of G␣s was significantly (P Ͻ .05) lower in infant Sc, which partially explained the poor Ctx responsiveness of infant Sc. Interestingly, forskolin-mediated expression of G␣s was comparable in both the age groups, which indicated that, given pubertal-like intracellular cAMP, infant Sc regulate G␣s expression in a manner similar to that seen in pubertal Sc ( Figure 3A ). We also evaluated the age-and FSH-dependent expressions of factors that are known to influence G␣s activity. Ric8b activates the G␣s subunit by replacing bound GDP with free GTP and helps in appropriate folding as well as localization of G␣s, thereby leading to an enhanced half-life and activity of G␣s (60 -63) . Both the basal and the FSH-induced expression of Ric8b was significantly (P Ͻ .05) low in infant Sc as compared with pubertal Sc. However, like G␣s, forskolin equally augmented the expression of Ric8b in infant as well as pubertal Sc ( Figure 3B ). Lower G␣s and Ric8b expression might be responsible for poor cAMP generation by infant Sc. Time-course studies estimating relative G␣s activity, either by GTP binding assay or GTPase activity assay, and detailed studies of Ric8b-G␣s interaction may be necessary for divulging the age-dependent regulation of this arm of FSH-R signaling. Because trimeric G proteins do not necessarily associate preferentially with any particular GPCR in the cytosol, low levels of cAMP in untreated infant Sc might represent generalized deficiency of G proteins in Sc during infancy. Further studies involving the stimulation of various kinds of GPCRs in these cells during infancy and puberty may be necessary for understanding such age-dependent differences, if any. However, such studies were beyond the scope of the present work due to the limited availability of purified infant primate Sc.
Regulator of G protein signaling (RGS) proteins are guanosine triphosphatase-activating proteins, promoting GTP hydrolysis by the G␣ subunit, to cease AC activation (64) . RGS-PX1 directly deactivates activated G␣s, thereby limiting cAMP generation (65) . On the other hand, Epb41l2 interferes with the GPCR-mediated G␣ signaling and pubertal Sc (gray bar) to generate cAMP in response to increasing doses of rmFSH (2.5 ng/mL, 5 ng/mL, 10 ng/mL). In all cases, the mean Ϯ SEM of at least three independent experiments for each age group was analyzed. Statistical significance (P Ͻ .05) by one-way ANOVA followed by a Dunnett's posttest (basal was taken as control for each age group) is indicated by an asterisk. doi: 10.1210/en.2014-1746 endo.endojournals.orgnecessary for the activation of AC (66) . Both basal and FSH-induced expression of RGS-PX1 and Epb41l2 mRNA were found to be indistinguishable between infant and pubertal Sc (Supplemental Figure 3 , A and B, respectively). Although the role of these RGS proteins could not be established in diminished G␣s activity in infant Sc, the role of other RGS protein cannot be ruled out.
Expression of G␣i in Sc
FSH signaling involves G␣i response (37, 40) . Upon its activation, G␣i affects AC and suppresses cAMP generation. Age-dependent difference in G␣i availability may exert major influence on the age-dependent difference in cAMP generation by infant and pubertal Sc. Therefore, we evaluated the basal as well as the FSH-induced expression . In all cases, the mean Ϯ SEM of at least three independent experiments for each age group was analyzed, and statistical significance was estimated by ANOVA followed by Tukey's multiple comparison test (n Ն 3). Different letters indicate significant differences (P Ͻ .05).
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of G␣i isoforms. Basal and FSH-induced expression of G␣i-1 and G␣i-3 mRNA were found to be indistinguishable between infant and pubertal Sc (Supplemental Figure   4 , A and B). However, the expression of G␣i-2 was significantly down-regulated by 24 hours of FSH treatment in pubertal Sc but not in infant Sc ( Figure 3C ). We found . In all cases, the mean Ϯ SEM of at least three independent experiments for each age group was analyzed, and statistical significance was estimated by ANOVA followed by a Tukey's multiple comparison test (n Ն 3). Different letters indicate significant differences (P Ͻ .05). that the basal expression of G␣i-2 was similar in infant and pubertal Sc. Previous reports have shown G␣i-2 as one of the major inhibitory subunits associated with FSH-R in Sc (67) . FSH augmented the expression of G␣i-2 significantly above the basal levels in infant Sc after 24 hours of treatment ( Figure 3C ). Forskolin treatment for 24 hours, which equally augment cAMP production by Sc of both age groups, augmented G␣i-2 expression in both infant and pubertal Sc. This is consistent with previous reports in rat astroglia and renal epithelial cells in which cAMP augmentation has been shown to activate G␣i transcription (68, 69) . Down-regulation of G␣i-2 expression by FSH, but not by forskolin, in pubertal Sc indicated that at this stage the regulation of G␣i-2 expression in Sc switches to a FSHmediated, cAMP-independent pathway. Such a developmental switch in FSH responsive signal transduction has been previously reported as an age-dependent pleiotropy in FSH-R signaling (37, 39) . It is noteworthy that the FSHinduced rise in G␣s expression by pubertal Sc was more and a rise in G␣i-2 expression by infant Sc was greater as compared with each other. Higher G␣i-2 expression and relatively lower G␣s expression in infant Sc due to prolonged FSH exposure might be responsible for the limited accumulation of cAMP by infant Sc over a period of 24 hours, in contrast to that by pubertal Sc ( Figure 3D ). Ptx is reported to lock G␣i in the GDP bound inactive state, thereby relieving AC from G␣i-mediated suppression, allowing more cAMP generation (70) .
To evaluate whether FSH-induced augmentation of G␣i-2 expression in infant Sc was responsible for restricting the production of cAMP, we treated infant Sc with FSH and Ptx either alone or in combination for 30 minutes or 24 hours ( Figure 3E ). Although the effect of Ptx was not discernible at 30 minutes of treatment, at 24 hours of Ptx treatment, the production of cAMP by infant Sc was significantly (P Ͻ .05) higher than that in FSH-treated infant Sc ( Figure 3E ). Prolonged Ptx treatment withdrew the endogenous G␣i-mediated suppression of cAMP. Treatment with Ptx and FSH for 24 hours failed to generate cAMP to the levels seen in only Ptx-treated infant Sc. FSH-mediated G␣i-2 expression might have compromised the Ptx-mediated rise in cAMP in infant Sc treated with this combination ( Figure 3, C and E) . Taken together, our observations suggested that in infant Sc, the compromised expression of G␣s as well as Ric8b mRNA and FSH-induced augmentation of G␣i-2 mRNA resulted in limited G protein-mediated activation of AC, causing compromised cAMP production by infant Sc. A reverse situation of the substantial rise in the expression of G␣s and Ric8b (both the basal and FSH induced) in addition to the FSH-mediated down-regulation of G␣i-2 in pubertal Sc was associated with ample production of cAMP. FSH treatment has been shown to reduce G␣i-2 mRNA expression in 18-to 20-day-old rat Sc displaying active spermatogenesis, probably by destabilization of G␣i-2 mRNA (67, 71) . Recent studies reported that the phosphorylation pattern of ribosome-associated p70S6K protein, which affects several aspects of translation including mRNA turnover, is different in proliferating, immature rat Sc and differentiating, pubertal rat Sc (72, 73) . Therefore, FSH-mediated destabilization of G␣i-2 mRNA in pubertal Sc may be explained by future studies using primate Sc.
Down-regulation of G␣i-2 expression in pubertal Sc by FSH might have led to increased cAMP production, which in its turn might have augmented G␣s expression. It has been reported previously that cAMP upregulates the expression of G␣s mRNA in rat astroglial and pig thyroid cells (74 -76) . An elevated G␣s expression may further facilitate the augmentation of cAMP production in pubertal Sc.
Expression of factors associated with cAMP-independent FSH signaling in Sc
It has been previously reported in rats that poor FSH response in terms of cAMP generation, during stage II-VI of the seminiferous epithelial cycle, arises due to higher recruitment of G␣i-2 along with suppression of PKC activity due to increased G␣i-2 action (40, 77, 78) . Increased PKC activation has been reported in several systems to relieve G␣i-mediated suppression of cAMP generation (79, 80) . PKC-mediated desensitization of GPCRs, including FSH-R, has also been reported (81) (82) (83) . We evaluated whether age-specific change in PKC activation is responsible for developmental switch in FSH-mediated cAMP generation during Sc maturation in primates. PKC activation is known to up-regulate the expression of the heparin sulfate proteoglycans Glypican-1, Syndecan-1, and Syndecan-4 in rat Sc (84 -86) . We examined the basal as well as FSH-responsive expression of Glypican-1, Syndecan-1, and Syndecan-4 mRNA from infant and pubertal Sc to determine PKC activity (Supplemental Figure 5 , A-C). Clearly Syndecan-4 expression was higher in pubertal Sc and FSH augmented this further. No age-specific difference in FSH-responsive expression of Glypican-1 or Syndecan-1 was observed in monkey Sc. Augmentation of Syndecan-4 expression by FSH in pubertal Sc may suggest increased PKC activation due to FSH at that age. However, we cannot conclusively infer an elevated PKC response in puberty from Syndecan-4 alone. Due to the limited availability of primate Sc in this study, a detailed analysis of PKC activity using selective PKC inhibitor was not possible. However, such studies are necessary to di-vulge the role of PKC, if any, in age-dependent regulation of G␣i-2 in primate Sc.
Supraphysiological administration of FSH to neonatal boys having hypogonadotrophic hypogonadism have been shown to elicit FSH response causing Sc proliferation and augmentation of serum inhibin␤B (87) . It is reasonable to assume that the minimal augmentation of cAMP by FSH as seen in infant primate Sc, probably due to the limited expression of G␣s subunit and Ric8b along with a lack of FSH-mediated down-regulation of G␣i-2 expres- sion, is necessary and/or sufficient for the optimal proliferation of Sc via a PKA-independent, ERK-MAPK-dependent pathway as shown in immature rats (33, 37) . ␤-Arrestin and Grk6 are known to recruit MAPK pathway components after internalization of FSH-R, skewing the effect of FSH toward Sc proliferation (37) . Both infant and pubertal Sc exhibited a comparable expression of ␤-arrestin and Grk6 mRNA, indicating that receptor internalization may be similar at these two ages in monkey Sc (Supplemental Figure 6 , A-C).
Ability of infant Sc to express puberty-associated genes FSH-induced augmentation of cAMP production triggers an increased expression of FSH-inducible genes in the Sc of spermatogenically active testis but not in Sc of the spermatogenically inactive (infant) testis (8, 50) . Such FSH-inducible genes include Transferrin, ABP, Inhibin-␤-B, SCF, and GDNF. These are known to be associated with the differentiation of male Gc, and their expressions are up-regulated in Sc during the onset of puberty (8, 41) . However, in this study, treatment with cell-permeable 8Br-cAMP induced a significant (P Ͻ .05) rise in the expression of SCF, GDNF, ABP, Inhibin␤-B, and Transferrin mRNA by infant Sc also (Figure 4 , A-E). It is noteworthy that FSH failed to augment the expression of these genes in infant Sc (Figure 4 . A-E). These data indicated that infant Sc, although they seemed dormant and poorly responsive to FSH, had the potential to efficiently transcribe FSH-inducible genes relevant to spermatogenesis, even prior to puberty.
Direct activation of AC in infant Sc also led to an elevated production of cAMP and increased expression of such genes. This suggested that defect, if any, must lie in between the intracellular G protein-coupled portion of FSH-R and membrane bound AC of infant Sc. This study revealed that a compromised expression and activity of G␣s as well as Ric8b and lack of FSH induced downregulation of G␣i-2 mRNA expression in infant Sc were responsible for limited G protein-mediated activation of AC, leading to compromised cAMP production and gene expression by infant Sc. The present finding was also supported by the stage-specific variation in FSHinduced cAMP response observed in rat seminiferous tubules. Stage II-VI and stage VII-VIII showed the maximal and minimal cAMP response by FSH because corresponding FSH-Rs in these tubules are reported to be predominantly coupled with G␣s and G␣i, respectively (40, 77, 78) . To our knowledge, this is the first demonstration of the ability of naive primate infant Sc to express genes associated with active spermatogenesis if stimulated bypassing FSH-R. Such pubertal Sc-like behavior of infant Sc was possible upon augmentation of cAMP levels because post-G protein-coupled FSH-R-related features of signaling, necessary for FSH-mediated signal transduction, were intact in them. This is clarified further in the graph ( Figure 5 ).
In addition to increasing our understanding about the causes underlying restricted FSH responsiveness of infant Sc, observations from this study may have implications in understanding certain forms of infertility in which hormone supplementations fails to induce fertility.
The present study provided substantial evidence in support of the notion that infant primate Sc do not allow the onset of productive spermatogenesis due to compromised signal transduction via FSH-R, which is explainable by the restricted expression of G␣s as well as Ric8b and lack of FSH-induced down-regulation of G␣i-2 in infant Sc. Most importantly, when these dormant infant Sc were stimulated bypassing FSH-R, the expression of genes known to be necessary for the onset of spermatogenesis were successfully augmented, raising hopes that hormone-resistant dormant Sc can potentially be activated to support spermatogenesis. Intactness of post-G protein coupled FSH-R components, necessary for FSH-mediated signal transduction, in naïve infant Sc was the key to this finding. This information may also help in designing treatment modalities for infertile individuals having normal Gc but dormant Sc with inactive G protein coupled FSH-R. Further studies are necessary to divulge the molecular pathways associated with the up-regulation of G␣s as well as Ric8b in Sc during puberty and lack of FSH-induced down-regulation of G␣i-2 in infant Sc, unlike that seen in pubertal Sc.
